The evolution in structure of the prototypical network-forming glass GeSe 2 is investigated at pressures up to ∼16 GPa by using a combination of neutron diffraction and first-principles molecular dynamics. The neutron diffraction work at pressures 8.2 GPa employed the method of isotope substitution, and the molecular dynamics simulations were performed with two different exchange-correlation functionals, the Becke-Lee-Yang-Parr (BLYP) and the hybrid Heyd-Scuseria-Ernzerhof HSE06. The results show density-driven structural transformations that differ substantially from those observed in common oxide glasses such as SiO 2 and GeO 2 . Edge-sharing tetrahedra persist as important structural motifs until a threshold pressure of ∼8.5 GPa is attained, whereupon a mediating role is found for homopolar bonds in the appearance of higher coordinated Ge-centered polyhedra. These mechanisms of network transformation are likely to be generic for the class of glass-forming materials where homopolar bonds and fragility-promoting edge-sharing motifs are prevalent in the ambient-pressure network.
I. INTRODUCTION
The density-driven structural transformations in networkforming glasses lead to changes in their physicochemical properties that can be abrupt as in so-called polyamorphic transitions [1, 2] . The mechanisms of densification will depend on the network topology and, since this is governed by the chemical-bonding scheme, chalcogenide glasses are anticipated to exhibit different behavior to their oxide counterparts. For example, the ability of chalcogenide glasses to form at nonstoichiometric compositions [3] points to flexibility in character of the network-forming structural motifs, i.e., to enhanced structural variability [4, 5] . A prototype is provided by glassy GeSe 2 where the ambient-pressure network, built from a mixture of corner-sharing (CS) and edge-sharing (ES) tetrahedra, incorporates a significant number of Ge-Ge and SeSe homopolar bonds [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The nature of the density-driven network collapse is, however, uncertain. Different studies at pressures P up to ∼9 GPa find either (i) a continuous structural change [16, 17] or (ii) a discontinuous semiconductor-glass to metal-crystalline transition [18, 19] .
In this paper we use in situ high-pressure neutron diffraction to investigate the structure of GeSe 2 glass under compression from ambient pressure to P ∼16 GPa at room temperature (T ∼ 300 K). Enhanced information is accessed by applying the isotope substitution method to disentangle the complexity of correlations associated with a single diffraction pattern [20] . The experimental work is complemented by a set of CarParrinello [21] first-principles molecular dynamics (FPMD) simulations [15, [22] [23] [24] . This approach is necessitated by the presence of homopolar bonds, which preclude any reliable modeling based on interatomic potentials [25] . The combined techniques yield a self-consistent picture at a pressure below ∼8.5 GPa in which there is no change to the mean nearestneighbor coordination numbern but an interplay between the fractions of CS versus ES tetrahedra. At pressures beyond this threshold, however, the diffraction and FPMD results follow different pathways of metastability. This outcome is likely to originate from different thermal histories, with the simulations showing an increase ofn with pressure that is more rapid than found in experiment. In the simulations, further densification proceeds by the formation of higher-coordinated Ge and Se atoms where, on initial formation, large proportions of these higher-coordinated atoms form homopolar bonds. These defects in the chemical ordering therefore play a mediating role in the structural transformation of the modeled glass structure.
The paper is organized as follows. The essential theory for the neutron diffraction experiments is given in Sec. II. The experimental and FPMD methods are then described in Secs. III and IV, respectively. The results are presented in Sec. V and the mechanisms of network collapse are discussed in Sec. VI. Conclusions are drawn in Sec. VII.
II. THEORY
In a neutron diffraction experiment on GeSe 2 glass, the total structure factor
is measured, where α and β denote the chemical species, c α and b α represent the atomic fraction and coherent neutron scattering length of chemical species α, S αβ (k) is a partial structure factor, and k is the magnitude of the scattering vector [26] . (2) where A = 2c Ge ). Alternatively, the Ge-Ge correlations can be eliminated by the combination
where C = ). The real-space information is obtained by Fourier transformation, e.g., the total pair-distribution function is given by
where r is a distance in real space, ρ is the atomic number density of the glass, and
The latter is introduced because a diffractometer can measure only over a finite range up to a maximum value k max . However, if k max is sufficiently large that F (k), F Ge (k), and F Se (k) no longer show structure at high k, then the corresponding real-space functions G(r), G Ge (r), and G Se (r) are obtained from Eqs. (1)- (3), respectively, by replacing each S αβ (k) by its corresponding partial pair-distribution function g αβ (r). To facilitate a comparison between the FPMD and diffraction results, the reciprocal-space functions constructed from the simulations were Fourier transformed with k max set at the experimental value. The severity of Fourier transform artifacts can be reduced by using a Lorch [27] modification function, albeit at the expense of a broadening of sharp peaks in the realspace functions, where M(k) = sin(ak)/(ak) for k k max , a ≡ π/k max , and M(k) = 0 for k > k max [28] . The mean nearest-neighbor coordination number is defined byn ≡ c Ge [12] .
III. NEUTRON DIFFRACTION EXPERIMENTS
The in situ high-pressure neutron diffraction with isotope substitution measurements were made at pressures of 3.0(5), 4.7(5), 6.3(5), 7.1(5), and 8.2(5) GPa using the samples described in Refs. [8, 11] . The diffractometer D4 (Ref. [29] ) was employed using the experimental and data analysis procedures described in Refs. [20, 30] but with an incident wavelength of 0.4961(1)Å to enhance the measured k range. Additionally, the structure of N Ge N Se 2 was investigated at 1.7(5), 3.0(5), 3.9(5), and 4.7(5) GPa by using D4, and at 8. The experimental and data analysis protocols associated with the latter are described in Ref. [31] . The neutron scattering lengths, taking into account the isotopic enrichments [8, 11] , are bN Ge = 8.185 (20) , b70 Ge = 10.0(1), b73 Ge = 5.09(4), bN Se = 7.970 (9) , and b76 Se = 12.2(1) fm [32] .
The number density of GeSe 2 glass at ambient pressure was measured to be ρ 0 = 0.0324(1)Å −3 by using a helium pycnometer. At pressures up to 8.5 GPa, ρ was taken from the measured pressure dependence of the reduced volume V /V 0 for GeSe 2 glass under cold compression (Fig. 1 ) [17] , where V is the volume at pressure P and V 0 is the volume at ambient pressure. At higher pressures, ρ was taken from a fit to this experimental data using a second-order BirchMurnaghan equation of state [33] [17] , and an adiabatic bulk modulus of 14.5 GPa (Ref. [34] ) or 12.64 GPa (Ref. [35] ) is obtained for Ge 30 Se 70 glass from sound velocity measurements.
IV. FIRST-PRINCIPLES MOLECULAR DYNAMICS SIMULATIONS
The simulations used the Car-Parrinello [21] molecular dynamics method as implemented in the CPMD computer code (version 3.17) [36] with the NVT ensemble and N = 120 atoms. For most state points, the Becke-Lee-Yang-Parr (BLYP) functional [37, 38] was used to describe the electron exchange and correlation. This functional was chosen because it leads to an accurate representation of the structure-related properties of several liquid and glassy Ge x Se 1−x (0 x 1) materials at ambient pressure [14, 15, [22] [23] [24] . Valence electrons were treated explicitly and were represented by a plane-wave basis set expanded at the point of the simulation cell with 054206-2 an energy cutoff of 20 Ry. The valence-core interactions were described by norm-conserving pseudopotentials of the Troullier-Martins type [39] . The largest cutoff used in the pseudopotential construction was equal to 1.06Å. A fictitious electron mass of 1000 a.u. (i.e., in units of m e a 2 0 where m e is the electron mass and a 0 is the Bohr radius) and a time step of t = 0.24 fs were used to integrate the equations of motion, ensuring good control of the conserved quantities. The temperature was controlled by a Nosé-Hoover thermostat [40, 41] .
The simulations were initiated from ambient P and T configurations with vanishing stress-tensor values [15] that gave best agreement with the measured partial structure factors [8, 11] . The simulation for each new pressure started from a configuration taken from the previous (lower) pressure after the density was increased by decreasing the volume V . The system was then taken on a five-step thermal cycle, starting at T = 300 K for 40 ps, increasing to T = 600 K for 50 ps and then to T = 900 K for 150 ps, decreasing to T = 600 K for 70 ps, and finishing at T = 300 K for 150 ps [15] . The dwell time at each temperature could vary by ±20 ps from one simulation to another, but the dwell times for the cooling part of a cycle were kept longer than for the heating part of a cycle to allow for relaxation. The total duration of a thermal cycle was in the 350-460 ps range. Substantial diffusion at T = 900 K on the scale of several interatomic distances ensured that no memory was kept of an initial configuration, and that the glasses produced under pressure were statistically uncorrelated. Statistical averages were taken from the final 50-ps portion of the relaxed T = 300 K trajectory at the end of a thermal cycle. For each pressure, 2-3 different configurations were considered. The modeled equation of state is in accord with experiment [17] within the measurement error ( Fig. 1) .
For a single state point at V /V 0 = 0.654 (ρ/ρ 0 = 1.529) a hybrid functional was used. The motivation for this switch was to improve the exchange-correlation term to see if this leads to a better reproduction of the experimental results at high pressure. Our specific choice of hybrid functional (Heyd-Scuseria-Ernzerhof HSE06) is a generalization of the PBE0 functional [42] proposed by the group of Scuseria [43] , in which the Perdew-Burke-Ernzerhof (PBE) exchange functional [44] is complemented by the Hartree exact exchange with a properly calibrated mixing coefficient. We used the same CPMD setup to perform the HSE06 calculation. The only differences were (i) the use of a plane-wave basis set expanded at the point of the simulation cell with an energy cutoff of 30 Ry, and (ii) the use of a four-step thermal cycle starting at T = 300 K for 1.2 ps, increasing to T = 1100 K for 3.4 ps, decreasing to T = 900 K for 5.8 ps, and finishing at T = 300 K for 6.6 ps. The results were obtained from analyzing the relaxed T = 300 K trajectory at the end of the thermal cycle. The FPMD simulations using the hybrid density functional are ∼50 times slower than those using the BLYP functional.
In the following, the FPMD results from this work are those obtained by using the BLYP functional unless otherwise specified.
V. RESULTS
The difference functions measured using D4 at pressures up to 8.2(5) GPa are shown in Fig. 2 and the total structure factors measured using PEARL at higher pressures are shown 
as measured using the diffractometer D4 at ambient pressure (Ref. [8] ) and at pressures of 3.0(5), 4. in Fig. 3(a) . The corresponding real-space functions are shown in Figs. 4 and 3(b) , respectively. The measured G(r) functions in Fig. 3(b) were obtained by Fourier transforming the F (k) functions shown in Fig. 3 (a) before and after the application of a Lorch [27] modification function. The data obtained from the first procedure were then joined smoothly to the data obtained from the second procedure at a point just beyond the first peak in real space.
The measured mean nearest-neighbor bond distancer and coordination numbern found from neutron diffraction are compared to the x-ray diffraction results of Mei et al. [17] in Figs. 5(a) and 5(b). To emphasize the density dependence of the structural transformations that occur, the data sets in Fig. 5 are plotted in terms of the reduced number density ρ/ρ 0 , where ρ and ρ 0 are the values at high and ambient pressure, respectively. The neutron and x-ray diffractionr values are in agreement at all densities, but there is disagreement between then values at higher densities. This discrepancy can, however, be eliminated by removing an unphysical slope on the x-ray total structure factors and renormalizing.
The FPMD results are compared to the diffraction data in Figs. 2-4 . The data sets are matched according to their number density because the measured and simulated equations of state are not identical (Fig. 1) . The simulations account for all of the We note that differences between the measured and simulated data sets can be assessed by using the goodness-of-fit parameter [45] 
where ND indicates a T (r) function measured by neutron diffraction. At pressures up to 8.2 GPa, the R χ parameter as calculated by taking T (r) = 4πρr[ G Ge/Se (r) − G Ge/Se (0)] (where the notation G Ge/Se (r) implies either the G Ge (r) or G Se (r) function) is 9.4% at ambient and 4.3%-4.8% at higher pressures for the data sets shown in Fig. 4(a) , or is 12.2% at ambient and 5.4%-11.0% at higher pressures for the data sets shown in Fig. 4(b) . The R χ parameter as calculated by taking T (r) = 4πρr[G(r) − G(0)] changes from 4.5% at 8.7 GPa to 8.2% at 14.4 GPa for the data sets shown in Fig. 3 the density is increased to ρ/ρ 0 ∼1.55, there is no obvious tendency for a suppression of chemical disorder as suggested by previous work [16] . The simulated intrapolyhedral SeGe-Se and interpolyhedral Ge-Se-Ge bond angle distributions P (θ SeGeSe ) = B(θ SeGeSe )/ sin(θ SeGeSe ) and P (θ GeSeGe ) = B(θ GeSeGe )/ sin(θ GeSeGe ) are shown in Figs. 6(a) and 6(b) , where the distributions B(θ ) are normalized by sin(θ ) to remove the effect of a finite sampling volume [46] . The fractions of Ge atoms that are involved either in CS or ES motifs are given in Fig. 6(c) . The CS motifs are denoted by Ge 0 while the ES motifs are broken down into their contributions from Ge ( = 1, 2, 3/4) centered polyhedra, where indicates the number of ES connections to other polyhedra and = 3/4 denotes three or four of these connections. GeSe . The distance r GeSe was taken from the mean of the first peak positions in (i) the total pair-distribution function G(r) for the 70 Ge N Se 2 and 73 Ge 76 Se 2 samples and (ii) the first-difference functions G Ge (r) and G Se (r). The distance r SeSe was taken from the second peak in G Se (r) which is dominated by the Se-Se partial pair-distribution function: The ratio of weighting factors for the Se-Se:Ge-Se partial pair-distribution functions is 1:0.3129. The distance r GeGe was estimated from the second peak in G Ge (r) where the ratio of weighting factors for the Ge-Ge:Ge-Se partial pair-distribution functions is 1:2.3838. The measured results, which correspond to the pressure interval from ambient to 8.2 GPa, are compared to the mean bond angles θ SeGeSe and θ GeSeGe obtained from the FPMD bond angle distributions P (θ ) [several of the latter are shown in Figs. 6(a) and 6(b) ]. The expression θ = dθ θP (θ )/ dθ P (θ ) was used with a high-angle integration cutoff of 140
• . The Se-Se distance can be accurately discerned from the measured first-difference function G Se (r) and the ρ/ρ 0 dependence of the simulated θ SeGeSe values tracks that found from experiment. It is, however, more difficult to discern the Ge-Ge distance from the measured first-difference function G Ge (r) and there is an offset between the measured and simulated Ge-Se-Ge bond angles, although both data sets show the same ρ/ρ 0 dependence.
VI. DISCUSSION
The following picture emerges from the measured and FPMD results for a two-stage densification process in GeSe 2 glass. In the first stage where the diffraction and FPMD results are in accord,n remains constant as the density increases from ambient to ρ/ρ 0 ∼1.42. The CS to ES ratio increases from 1.3 to 1.7 in the interval ρ/ρ 0 ∼1.07-1.20 (P ∼1.29-3.55 GPa) [ Fig. 6(c) ], consistent with the trend found from Raman spectroscopy [47] . The results do not, however, support the model of Antao et al. [48] where an increase ofn was invoked to explain a minimum in the network rigidity at 4 GPa (ρ/ρ 0 1.25). The prevalence of ES units contrasts to the crystalline phase where transitions are observed from an ambient-pressure two-dimensional (2D) structure comprising equal numbers of ES and CS tetrahedra [49] to three-dimensional (3D) structures of densely packed CS tetrahedra [50, 51] . Higher temperatures are, however, usually required to facilitate these transitions [50] [51] [52] [53] .
In the second stage, as the density is increased beyond ρ/ρ 0 ∼ 1.42,n increases withr although there is a discrepancy between the rate of change found from diffraction and FPMD. In the latter, fourfold coordinated Ge atoms make way for fivefold and sixfold coordinated Ge atoms [ Fig. 5(c) ], twofold coordinated Se atoms make way for higher-coordinated Se atoms [ Fig. 5(d) ] where homopolar bonds are common [ Fig. 5(f) ], and there is a monotonic reduction in the CS to ES ratio [ Fig. 6(c) ]. The FPMD results forn indicate a bonding scheme that takes an increased metallic character with increasing pressure, whereas the diffraction results are consistent with the retention of semiconducting behavior.
In an attempt to improve the agreement between simulation and experiment, we performed an additional FPMD simulation at ρ/ρ 0 = 1.529 by using a hybrid functional of the HSE06 type (Sec. IV) [43] . The aim was to determine whether or not inclusion of the Hartree exact exchange is capable of retaining to higher pressures a more ionic and less metallic character for the chemical bonding [54] . The calculations did not, however, lead to improved agreement with experiment [Figs. 5(a) and 5(b)]. The origin of the discrepancy may therefore lie with the exploration of different pathways of metastability: The glass was cold compressed in the diffraction experiments but was annealed at a high temperature of 900 K at high pressure in the FPMD simulations (Sec. IV). The effect of the high-T anneal at a given pressure point can be illustrated by analyzing the configurations obtained at the end of the preceding low-T anneal at 300 K. The rate of change ofr andn with density is reduced when ρ/ρ 0 > 1.42 [Figs. 5(a) and 5(b)]. The results therefore indicate the presence of an energy barrier to structural transformation within the high-pressure regime that is partially surmounted by the high-T anneal at 900 K. In other words, a single valley in the energy landscape at pressures up to ∼8.5 GPa (ρ/ρ 0 ∼ 1.42) bifurcates at higher pressures to give two valleys separated by an energy barrier that can be overcome by heating to a temperature of ∼900 K. Figure 8 shows typical atomistic configurations from FPMD for different points in the densification process. When ρ/ρ 0 increases beyond 1.42, the Se atoms in Ge 0 motifs make additional bonds with their neighboring Ge 1 motifs, transforming the latter to fivefold coordinated Ge 2 units having a distorted square pyramidal geometry. As Ge 0 tetrahedra are removed, the Se-Ge-Se bond angle distribution broadens, its peak shifts from ∼111
• towards smaller angles, and there is a merger of the twin peaks in the Ge-Se-Ge bond angle distribution [Figs. 6(a) and 6(b)]. Around ρ/ρ 0 1.53, the fraction of Ge 0 units continues to decrease, making way for more Ge 2 and a few Ge 3/4 type configurations, where many of the latter correspond to sixfold coordinated Ge atoms. Accordingly, the main peak in the Se-Ge-Se bond angle distribution shifts to around 
90
• and a second peak appears near 180
• . Eventually, the network develops a pseudocubic arrangement of Ge-centered units for which the main peak in the Ge-Se-Ge bond angle distribution is at ∼90
• . In all of this, the fractions of defected fivefold and sixfold coordinated Ge atoms peak at densities around which these species first start to emerge [ Fig. 5(e) ], i.e., homopolar bonds mediate in the initial development of the higher-coordinated Ge-centered polyhedra.
It is also illustrative to follow the transformations of the Ge-centered structural motifs in terms of the q parameter defined by q
2 , where θ ij k is the angle formed between a central Ge atom j and its neighboring atoms i and k [55, 56] . The parameter q = 1 if the Ge atom is at the center of a regular tetrahedron, q = 0 if it is at the center of a regular octahedron, or q = 53/96 = 0.552 if it is at the center of a trigonal bipyramid. In comparison, for a square pyramidal unit in which the central fivefold coordinated Ge atom is located at the base center then q = . Alternatively, if this Ge atom is displaced toward the apex by a distance h/5, where h is the base-to-apex distance, then (i) q = 0.504 if all of the edges are equal in length (corresponding, e.g., to equal Se-Se distances in a GeSe 5 unit) or (ii) q = 0.535 if h is elongated relative to (i) to give the central Ge atom equal nearest-neighbor distances [57] . Figure 9 shows the ρ/ρ 0 dependence of the q-parameter distributions obtained from the FPMD simulations of GeSe 2 glass. At ambient conditions, most of the Ge atoms are fourfold coordinated in distorted tetrahedral units with a maximum in the distribution at q 0.966. In comparison, the mean q value is 0.979 for the hightemperature ambient-pressure crystalline phase of GeSe 2 [49] . At higher densities, most of the fivefold coordinated Ge atoms appear in distorted square-pyramidal (as opposed to trigonal bipyramidal) conformations. The majority of sixfold coordinated Ge atoms are in distorted octahedral environments which give rise to a sharp peak at a small negative q value. At each density, the distribution for all Ge atoms is broken down into its contributions from n-fold coordinated Ge atoms (n = 3, 4, 5, or 6). The vertical (red) arrows mark the q value expected for trigonal bipyramidal units.
VII. CONCLUSIONS
In the range from ambient pressure to P ∼ 8.5 GPa (1 ρ/ρ 0 1.42) there is excellent agreement between the neutron diffraction and FMPD results that extends from the profiles of the measured difference functions (Figs. 2 and 4) to the mean nearest-neighbor bond distancer [ Fig. 5(a) ], coordination numbern [ Fig. 5(b) ], and Se-Ge-Se bond angle (Fig. 7) . For this regime, the ambient-pressuren value is retained, and the density-driven structural transformations in GeSe 2 differ substantially from those observed in common oxide glasses such as SiO 2 , GeO 2 , and B 2 O 3 . In particular, ES motifs remain numerous, in contrast to oxide glasses where CS conformations dominate over the density range where the chemical species retain their ambient-pressure coordination numbers [20, [58] [59] [60] [61] [62] [63] .
At larger pressures, however, the diffraction and FPMD results diverge. In particular, the diffraction results show a slow increase inr andn with pressure which suggests the retention of semiconducting behavior to higher densities than found by FPMD. In the latter, densification proceeds by the formation of fivefold and sixfold coordinated Ge atoms, leading to larger fractions of ES polyhedra, along with threefold, fourfold, and fivefold coordinated Se atoms. On initial formation, large proportions of the higher-coordinated Ge and Se atoms have homopolar bonds, i.e., these defects mediate in the density-driven structural transformations. This feature is in contrast to oxides where chemical ordering is preferred at all pressures [20, [58] [59] [60] [61] [62] [63] .
The discrepancy between the neutron diffraction and FPMD results at high pressure is attributed to the presence of an energy barrier to structural rearrangement, which cannot be explored in the cold-compression diffraction experiments but can be accessed via the high-temperature annealing stage in the simulations. In other words, a single valley in the energy landscape at pressures up to ∼8.5 GPa (ρ/ρ 0 ∼ 1.42) bifurcates at higher pressures to give two valleys separated by an energy barrier that can be surmounted by heating to a temperature of ∼900 K. It is a moot point as to whether structural relaxation at high temperature in the simulations is enabling access to crystallinelike configurations: A discontinuous semiconductor-glass to metal-crystalline transition has been reported for GeSe 2 at P 7 GPa [18, 19] .
Notwithstanding, the stability under load of ES tetrahedra, which promote the fragility of glass-forming liquids [64] , and the importance of homopolar bonds in mediating the transformations to higher-coordinated polyhedra, are likely to be common features in the mechanisms of network collapse for the class of glass-forming materials where these motifs are prevalent in the ambient-pressure networks.
